Besides its involvement in the formation of the capsid shell of the virus particles, the core protein of hepatitis C virus (HCV) is believed to play an important role in the pathogenesis and/or establishment of persistent infection. We describe here alternative forms of genotype 1b HCV core protein identified after purification of various products of core protein segment 1-169 expressed in Escherichia coli and their analysis by proteolysis, mass spectrometry and amino acid sequencing. These proteins all result from a +1 frameshifting at codon 42 (a different position than that previously reported in genotype 1a) and, for some of them, from a re-phasing in the normal open reading frame at the termination codon 144 in the +1 open reading frame. To test the relevance of these recoding events in a eukaryotic translational context, the nucleotide sequences surrounding the two shift sites were cloned in the three reading frames into expression vectors allowing the production of a C-terminally fused GFP and expressed both in a reticulocyte lysate transcription/translation assay and in culture cells. Both recoding events were confirmed in these expression systems, strengthening the hypothesis that they might occur in HCV infected cells. Moreover, sera from HCV positive patients of genotype 1a or 1b were shown to react differently against synthetic peptides encoded in the +1 open reading frame. All together, these results indicate the occurrence of distinct recoding events in genotypes 1a and 1b, pointing out genotypedependent specific features for F protein. 
INTRODUCTION
HCV is estimated to chronically infect roughly 170 million people worldwide (1) and is a major public health problem as chronic infection may lead to severe liver diseases including cirrhosis and hepatocellular carcinoma. HCV has a positive-sense, single-stranded RNA genome of ∼9.6 kb and is a member of the Flaviviridae (2) (3). The genome encodes a polyprotein of some 3,000 amino acids, which is post-translationally cleaved by viral and cellular proteases to generate at least 10 viral proteins identified as structural proteins (C, E1, E2 and P7) and non-structural proteins (NS2, NS3, NS4a, NS4b, NS5a and NS5b) (for a review see (4) (5). The translation of the HCV polyprotein is regulated by the highly structured 5'-non-coding region acting as an internal ribosome entry site (IRES) (for a review see (6) ).
The HCV core protein is 191 amino acids in length and consists of three distinct predicted domains: an NH2-terminal two-third domain of highly positively charged amino acids, a C-terminal one-third domain of hydrophobic residues and the last 20 or so residues serving as the signal peptide for the downstream protein E1 (7) (8) (9) (10). The initial polyprotein cleavage generates the immature core protein (P23) that undergoes additional processing by the intramembrane-cleaving protease SPP (Signal Peptide Peptidase) (11). This yields mature core P21 whose C-terminus is not precisely known but lies between residues was named "F protein". Here again, antibodies specific for this protein were detected in sera from HCV infected patients (15) . F protein might be related to a 16 to 17 kDa protein (P16) previously observed in mammalian cells expression studies besides P21 and P23 and initially thought to be a truncated form of core protein (18) . More recently, Choi et al. (19) reported the possibility of multiple frameshifting events at or around codon 11 in core sequence of genotype 1a. Besides the F protein due to -2/+1 frameshifting, a 1.5-kDa protein could also be produced by -1/+2 frameshifting.
We report here the production in Escherichia coli of alternative forms of the HCV core protein from genotype 1b resulting from a +1 ribosomal frameshifting at codon 42 that can be followed by a re-phasing in the 0 frame that bypass the stop codon at position 144.
The exact positions of both these recoding events were determined by amino acid sequencing and mass spectrometry. The ability of the corresponding nucleotide sequences surrounding the shift sites to induce recoding in a eukaryotic translational context was demonstrated both by an in vitro transcription/translation assay in a reticulocyte lysate and by expression in culture cells. Finally, immunological analysis using various synthetic peptides revealed the presence of antibodies directed against the +1 core reading frame in several sera of HCV positive patients of genotype 1a or 1b. However, the differences of reactivity against these peptides support our finding that the frameshifting site leading to F protein is different in genotypes 1a and 1b.
column (300Å, 10 µm, 10 X 250 mm) equipped with a C8 Aquapore guard column (Brownlee, 4.6 x 30mm) using a linear gradient of acetonitrile in 10% trifluoroacetic acid (TFA) at 1.5 mL/min flow rate. Linear gradient steps were performed using Waters 510 HPLC pumps as follows: 0 min, 25% acetonitrile; 0-5 min, 35% acetonitrile; 5-20 min, 50% acetonitrile; 20-50 min, 60% acetonitrile; 50-60 min, 100% acetonitrile. Chromatography was monitored at 220 nm and 280 nm using a Waters 991 photodiode array detector. Proteins corresponding to the main peaks were lyophilized and identified by mass spectrometry and Nterminal sequencing.
Mass spectrometry and peptide sequencing-All Liquid Chromatography/Mass Spectrometry (LC/MS) analysis were carried out using a Sciex API 165 quadrupole mass spectrometer coupled to an Applied Biosystem ABI 140D capillary LC system. The mass spectrometer was operated using two Electrospray ionization (ESI) sources (microspray and ionspray) in the positive ion mode. The microspray source was used for the direct infusion of protein solutions with 0.2 µL/min flow rate in a CH 3 OH/H 2 O (50/50, v/v) mixture containing 0.1% of HCOOH.
LC/MS was carried out on a C18 HPLC micro-column (Brownlee, 150 x 0.5 mm i.d., 5 µm particle size, 300Å pore) at a flow rate of 10 µL/min connected to a 785A Absorbance Detector (Applied Biosystems) and an ionspray source. The V8 digested peptides were separated using mobile phases A and B with a four-step linear gradient of 10% B in the first 5 min, followed by 10 to 70% B in the next 60 min then 70 to 95% B for 10 min and hold at 95% B in the last 10 min (mobile phase A: 0.05% TFA in H 2 0; mobile phase B: 0.04% TFA in CH 3 CN/H 2 0, (90/10, v/v). Absorbance detection was set at 214 nm. The scan range was set at m/z 700-2200.
The peptides were sequenced by automatic Edman degradation using a Procise 492A liquid-phase sequencer (Applied Biosystems). transcription/translation assays in a reticulocyte lysate as described above.
In Vitro transcription and translation-
For immunoprecipitation, monoclonal anti-GFP antibody (mAb 3E6, Q.BIOgene) was conjugated to protein A-sepharose for 1h at 4°C in PBS buffer. Antibody conjugated beads were then equilibrated in non-denaturing lysis buffer (1% triton (w/v), 50 mM Tris-HCl pH 7.4, 300 mM NaCl, 5 mM EDTA, 1 mM PMSF) and added to 10 µl reticulocyte lysate in 500
µl of non-denaturing lysis buffer for 1h at 4°C. After repeated washing with wash buffer (lysis buffer containing 0.1% Triton), proteins were eluted with Laemmli sample buffer.
Immunoprecipitated proteins were analysed by SDS-PAGE ,autoradiographied and scanned using a STORM 860 (Molecular Dynamics) Phosphorimager.
Expression in culture cells-The DNA fragments described above and used to test the ability of the corresponding RNA sequences to direct frameshifting in a reticulocyte lysate assay were used for cellular expression. They were cloned into the unique NheI site of the plasmid pQBI25-fPA (Quantum Biotechnologies). These constructs allow the expression, under the were washed, treated with trypsin and plated in an 8 chambers culture slide (Falcon) at the required density in a humidified CO2 incubator (5%) at 37°C overnight. Cells were transfected by calcium phosphate according to the manufacturer's instructions (Invitrogen).
16 hours after transfection, the cells were fixed by 4% paraformaldehyde in PBS at 4°C for 30 min and nuclei were stained in PBS containing 5 µg/mL Hoechst 33258 (Sigma).
Fluorescence microscopy was performed using a Zeiss Axioplan 2 microscope.
Immunoblotting-Samples were separated by SDS-PAGE and electrotransferred to nitrocellulose membranes with a blotting apparatus (BioRad laboratories). Membranes were blocked with 5% non-fat dry milk in phosphate-buffered saline at room temperature for 1 h.
Monoclonal anti-core antibody (AbCys) (1/5,000 dilution) and phosphatase alkaline-labeled SDS-PAGE and immuno-blot analysis also revealed that some of these proteins formed dimers that were resistant to SDS-PAGE (Fig. 2B , C and D, lanes 1 to 3).
Alternative core proteins result from multiple recoding events
In order to obtain the full-length amino acid sequences, the protein eluting at peaks 1 to 4 from the HPLC chromatography ( Fig. 2A ) and C HCV 2-169(6xHis) (peak 5, Fig. 2A ) were submitted to V8 proteolysis. The patterns of V8 proteolysis of these proteins were very similar, but very different from that of C HCV 2-169(6xHis) (result not shown). LC/MS analysis revealed that V8 fragments obtained from C HCV 2-169(6xHis) had molecular masses identical to those predicted from their amino acid sequences (Table I ). In the case of the alternative protein, the presence of a 1,974 Da fragment corresponding to the C terminus of C HCV 2-169(6xHis) confirmed the previous finding concerning the reactivity of this protein with an anti-(6xHis) antibody (Fig. 2D ). In contrast, fragments of 6,539 Da and 9,920 Da were not consistent with V8 proteolysis fragments of C HCV 2-169(6xHis). Each of these two fragments was submitted to chemical amino acid sequencing. As shown in Table I , the 6,539 Da fragment corresponded to the first 40 amino acids of C HCV 2-169(6xHis) followed by 18 amino acids resulting from a +1 ribosomal frameshifting in the core protein coding sequence. This frameshifting occurred at codon 42 in the core protein coding sequence and resulted in the reading of a GGU codon coding for Gly in the +1 ORF instead of the reading of an AGG codon coding for Arg in the 0 ORF ( Figure 3 ). The 9,920 Da fragment was too long for complete sequencing but sequencing of its N-terminus gave the sequence GDNLSPRL, corresponding to the continuation of translation in the +1 ORF (Table I) according to the notation proposed by Roepstorff and Fohlman (21) . These fragment ions corresponded to the amino acid sequence LSAPPL, which matched the predicted sequence LSAPPLGGAAR resulting from a -1 frameshifting. The molecular mass of 9,920 Da is consistent with the occurrence of a -1 frameshift at the UAG termination codon in the +1
ORF. This frameshift results in the reading of a CUA codon coding for Leu and allows translation to continue in the 0 ORF, leading to the recurrence of the usual C-terminal core protein sequence in the alternative protein ( Figure 3 ). In conclusion, the protein eluted at peak 3 results both from a +1 frameshift at codon 42 and a -1 frameshift at codon 144, leading to an alternative core protein containing the first 42 amino acids of the core protein, 101 residues coded by the +1 ORF, and then residues 144 to the 6xHis tag of the core protein. This protein is thus an alternative form of core and was named DFC HCV protein for "Double Frameshifted
Core" protein.
The other minor protein fractions eluting from HPLC chromatography (peaks 1, 2 and 4 in figure 2A ) were also submitted to extensive tryptic cleavage and peptide mixtures were submitted to LC/MS. All fragments, including that corresponding to the +1 frameshift site at codon 42 could, in all cases, be attributed to sequences present in the DFC protein except for the fragment straddling the -1 frameshift site. As reported in Table II , the protein from peak 1 contained a tryptic peptide that could be attributed to two +1 frameshift events at codons 144 and 145 in the +1 ORF. The protein from peak 2 contained a tryptic peptide that could be attributed to a +2 frameshift event at codon 144 in the +1 ORF. Finally, the fraction from peak 4 contained a tryptic peptide that could be attributed to the same -1 frameshift, as observed in DFC protein (at codon 144) together with the bypass of the codon 145 or 146
(both of them coding for Gly). All these events lead to a rephasing in the 0 ORF of the core coding sequence. Integration of the peaks from the RP-HPLC (Figure 1 ) gave the following ratios: 68% for C HCV 2-169(6xHis) , 9% for peak 1, 3% for peak 2, 18% for peak 3 and 2% for peak 4. It is worth mentioning that the alternative core protein resulting from the +1 frameshift only (i.e. ending at the termination codon in the +1 ORF without occurrence of the -1 frameshift) was found in the flowthrough fraction of the Ni-NTA agarose chromatography as expected since it did not harbor the C-terminal 6xHis tag. It was characterized by immunoprecipitation (using an anti-core antibody directed against the N-terminus of Core protein) followed by RP-HPLC purification and mass spectroscopy (data not shown). The ratio of this protein fraction was estimated to be equivalent to the sum of fractions from peaks 1 to 4.
Sequences including the shift sites direct recoding both in a eukaryotic in vitro transcription/translation assay and in culture cells
To test the ability of the sequence including codon 42 (nucleotides 126 to 128) to direct +1 frameshifting in a eukaryotic translational context, the core DNA sequence from nucleotides 100 to 200 was inserted into a plasmid upstream from the gene coding for GFP used as a reporter protein. Three constructs were made for which the DNA coding for GFP was fused in the three reading frames with regard to the upstream inserted sequence (Figure 1 ). As can be seen in Figure 4A , expression of the resulting plasmids in a reticulocyte lysate yielded a large amount of fused GFP cloned in the 0 frame (lane4). Interestingly, a low but detectable amount of fused GFP cloned in the -1 frame attests for the occurrence of a +1 frameshifting (lane 3).
In contrast, no fused GFP cloned in the +1 frame was detected (lane 5). These results are to be compared to a blank without plasmid (lane 1) and to the control GFP plasmid (lane 2). The amount of +1 frameshifting was determined to be 1.9% when compared to the product of the control GFP plasmid taken as 100% ( Figure 4B lanes 3 and 2 respectively) . The core DNA sequence used in the in vitro reticulocyte lysate assay described above were cloned into a plasmid permitting the production of fused GFP under the control of a CMV promoter in eukaryotic cells (Figure 1 ). As can be seen in Fig. 5 , the results obtained confirmed those obtained in the reticulocyte lysate assay. The sequence used to test the occurrence of a +1 frameshifting led to the production of GFP in the cells when the protein was cloned either in the -1 frame (A) or in the 0 frame (B), but did not lead to the production of GFP when it was cloned in the +1 frame (C). Hence this sequence is able to direct +1 ribosomal frameshifting in a cellular context,.
Concerning the -1 frameshift at codon 144 (nucleotides 432 to 434) in the +1 ORF, a DNA sequence from nucleotides 412 to 480 was inserted into a plasmid upstream of the gene coding for GFP used as a reporter protein.
Here again, three constructs were made for which GFP was fused in the three reading frames (Figure 1 ) and tested in the reticulocyte lysate assay. As can be seen in figure 4A , when GFP was fused in the +1 frame (lane 6), a fusion product was observed attesting for the occurrence of a -1 frameshifting at a rate of 2.18%
( Figure 4B, lane6) . When GFP was fused in the 0 frame (lane 7), the production of a GFP fusion product (at a rate of 1.70%; Figure 4B , lane 7) of nearly the same size than GFP alone (compare to control GFP, lane 2) attest for the bypass of the STOP codon in the 0 frame and might be explained by an internal initiation at a downstream ATG codon. When GFP was fused in the -1 frame (lane 8), the mechanism leading to the production of a GFP fusion product (at a rate of 1.95%; Figure 4B , lane8) is not clear but it might arise from a +1 frameshifting leading to a fusion protein with a slightly higher apparent molecular mass due to the presence of numerous arginine residues. When this sequence, used to test the occurrence of a re-phasing at the level of the STOP codon in the +1 ORF, was assayed in a cellular context it led to the production of GFP in the cells whatever the frame of the GFP cloning ( Figure 5D , E, F). All together, these results reflect the ability of the core nucleotide sequence lying between nucleotides 412 to 480 to induce unusual recoding events in a eukaryotic translational context leading to the bypass of the termination codon 144 in the +1
ORF.
Sera from HCV positive patients are reactive against synthetic peptides encoded in the +1 open reading frame.
Three synthetic peptides encoded in the +1 ORF of the core protein of genotype 1b
were chemically synthetized and used in EIA to test the reactivity of sera from HCV positive patients of genotype 1a and 1b ( Figure 6 ). As shown in this Figure, 
DISCUSSION
In this report we demonstrate that alternative HCV core proteins from the genotype 1b are expressed in Escherichia coli as a result of two different recoding events, that are a +1 frameshifting at codon 42, that can be followed by a re-phasing in the normal open reading frame at stop codon 144 using multiple mechanisms. These recoding events can be reproduced both in an in vitro eukaryotic translational context and in culture cells.
Protein sequencing results shown in Table I demonstrate that the +1 frameshift occurs at codon 42 in the 0 ORF for all forms of alternative core protein. This result is different from previous reports for HCV genotype 1a, showing that the -2/+1 ribosomal frameshifting requires only codons 8-14 of the core protein-coding sequence and that the shift junction is located at or near codon 11 (14). This -2/+1 frameshifting at codon 11 is linked to an Arg to Lys codon mutation that generates a region of 10 consecutive adenines (16) (17) and leads to the synthesis of a 16 kDa protein, named F protein that might be related to the previously identified p16 protein (22) . Discrepancy with our data likely arises from the use of HCV core proteins from different genotypes, i.e. genotype 1a in the previous reports and genotype 1b in this report. This is strengthened by the absence of the Arg to Lys mutation at codon 11 in any of the HCV core RNA sequences of genotype 1b as well as of genotypes other than 1a
reported in the sequence databases (i.e. HCVDB database (http://hepatitis.ibcp.fr, data not shown). However, +1 encoded core protein was detected in clinical isolates from genotype 1b containing mutations in codons 9-11 which failed to reproduce the 10 adenine region (23), and antibodies against peptides in the +1 ORF of core were detected in sera of infected patients of different genotypes (14) (15) . Then, our results strongly indicate that in the absence of the 10 adenines region, a +1 frameshifting can occur at codon 42, at least in genotype 1b. The cis-acting elements responsible for the +1 frameshift mechanism are less well defined than those responsible for the -1 frameshift mechanism (see below). A recent study shows that some underrepresented heptanucleotides in S. cerevisiae supported notable +1 frameshifting and that there was nothing about those sequences to suggest that they would do so (24) . It is worth to mention that several authors predicted RNA secondary structures downstream codon 42 (25) (26). One can suppose that such structural elements might play a role in the +1 frameshifting event. The details of the molecular mechanisms responsible for this +1 ribosomal frameshifting are currently under investigation.
Our sequencing results (Tables I and II) It is thus reasonable to speculate that frameshifting at termination codon is due to the presence of such RNA structures.
The question arise whether or not the two frameshift events observed in bacteria for the HCV core protein occurs in eukaryotes and especially in human cells infected by the virus.
The -1 ribosomal frameshifting in prokaryotes differs in some ways from the eukaryotic paradigm described above (for review, see (33) (34)). Using an appropriate reporter gene, both the MMTV frameshift (35) and the HIV-1 frameshift (36) have been reproduced in bacteria at rates ranging from 2% to 50%, demonstrating that Escherichia coli ribosomes are able to shift frame in the -1 direction in the same manner as their eukaryotic counterparts. This is in keeping with our observations showing that the cloning of a sequence surrounding the -1 shift site (codon 144) in fusion with GFP permitted the expression of the fusion protein both in reticulocyte lysate transcription/translation assays (Fig. 4) and in Hela cells (Fig. 5) as a result of -1 frameshifting. However, this sequence is also able to direct recoding events other than -1 frameshifting, as also observed in bacteria (Table II) . This indicate the existence of a multiple frameshift site and support the presence of shifty elements such as a predicted secondary structure downstream of the RNA. Concerning the +1 shift site identified at codon 42 in bacteria, a sequence surrounding this shift site (but excluding codon 11 identified as the +1 shift site in genotype 1a) is also shown to be effective both in reticulocyte lysate (Fig. 4) and in IgG's specific for peptides derived from a HCV core protein encoded in the +1 ORF were detected in chronic HCV sera of various genotypes including 1b (14) (15) . We have also found numerous sera from HCV positive patients from genotypes 1a and 1b reactive against synthetic peptides encoded in the +1 ORF ( Figure 6 ). The reactivity of sera from genotype 1b is not consistent with the production of a F protein due to a +1 frameshift at codon 11 since the 10 adenines cluster required for the frameshift event is absent from all the genotype 1b RNA sequences present in the HCVDB database. Moreover, although the panel of sera tested is quite reduced, it appeared that no serum from genotype 1b reacted with peptide F1 located before the identified shifty codon 42 while two sera of genotype 1a reacted against this peptide. Hence, the reactivity of these genotype 1b sera likely arise from the production of a F protein with a different +1 frameshift site when compared to genotype 1a. Interestingly, using overlapping synthetic peptides encoded in the +1 ORF of core protein, we detected T cell responses strikingly biased toward the production of interleukin 10 in 7/25 patients infected either with genotypes 1a, 1b or 3 viruses (C. Bain et al., submitted). These data also support the production of +1 encoded core proteins in other genotypes than 1a.
Our results in E.coli show the occurrence of the two recoding events on the same sequence leading to an alternative core protein harboring N-and C-terminal domains identical residues coded by the +1 ORF. However, both proteins harbor a large common and conserved region coded by +1 ORF, explaining the immunological cross reactivities for them. These Fig.1 : Construction of GFP fusion expression vectors. The inserted sequences are described in "Experimental procedures". In pQBI-42(0), the GFP reporter was fused to the same reading frame as the core protein sequence. In pQBI-42(+1), the GFP reporter was fused to the +1 reading frame. In pQBI-42(-1), the GFP reporter was fused to the -1 reading frame..
FIGURE LEGENDS
In pQBI-144(0), the GFP reporter was fused to the same reading frame as the core protein sequence. In pQBI-144(+1), the GFP reporter was fused to the +1 reading frame. In pQBI-144(-1), the GFP reporter was fused to the -1 reading frame. The same constructs were made in the plasmid pQBI25-fPA for cell expression under the control of a CMV promoter, leading to the pQBI25-42 and pQBI25-144 series. Small letters: GFP gene; capital letters: Core gene.
The first codon of GFP is boxed and pQBI-144(+1) (lane 8). B: Relative percentages of the transcription/translation products determined using a Phosphorimager as described in "Experimental procedures". The sera from HCV infected patients were tested by EIA as described in "Experimental procedures" using synthetic peptides encoded in the +1 ORF of core protein (namely peptides F1, F2 and F3). The blank was obtained with the sera of an HCV negative patient. The sera were considered to be positive when the OD 405 had a positive-to-negative ratio ≥2. 
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